The results of measurements and computer simulations are presented for the yields of residual product nuclei in thin targets:
I. INTRODUCTION
In designing ADT-based systems the neutron production of the Pb-Bi or Hg targets in the systems are of great importance and involve not only spallation, but also fission reactions. The absence of any reliable theory for fission induced by 100-2000 MeV protons necessitates experimenting with a broad range of nuclei, in our case with nat U. The data thus obtained may be used to construct semi-empirical systematics, to develop models of nuclear reactions, and to verify available simulation codes. At the same time, the data are interesting by themselves because some present-day projects (see, for instance, Ref.
1 ) include actinides as part of the target materials. The 99 Tc isotope (T 1/2 = 2.1 · 10 5 years) is a fission product whose yield (∼6%) belongs to the extremelyhigh yield range and, therefore, has to be transmuted into stable or short-lived isotopes. One of the feasible techniques for transmuting 99 Tc is to add this isotope to the target materials of subcritical facilities whose neutron sources are neutron cascades generated in 0.8-1.6 GeV proton beam interactions with the targets.
Since (p,x) reaction data have yet to be obtained for 99 Tc (see Ref.
2 ), the feasibility of the given 99 Tc transmutation technique must be determined by experimenting with, and simulating, the 99 Tc interactions with protons of energies from 50-100 MeV to ∼3 GeV. Also, some of the 99 Tc reaction product yields are of interest in medical applications.
The present work was aimed at:
• finding the independent and cumulative yields of residual product nuclei in thin nat U targets irradiated with 0.1, 0.8, 1.2, and 1.6 GeV protons, and in 99 Tc targets irradiated with 0.2, 0.8, 1.0, 1.4, and 1.6 GeV protons;
• comparing experimental data with results of simulations by the most extensively used codes that simulate the neutron-physics parameters of the subcritical systems mentioned above.
Some of our results can be found in Refs. 3, 4 .
II. EXPERIMENTAL TECHNIQUES AND MEA-SURED YIELDS
The complete cycle of experiments have been made at ITEP for two years using the U-10 synchrotron with two proton beams extracted independently, namely, a The background γ-lines, which are present in measured γ-spectra due to natural radioactive background of the workroom, to nat U fission products, and to possible radioactive impurities in samples, were allowed for by analyzing γ-spectra of the intact samples measured under the same measurement conditions as those for the irradiated samples.
The ⊘10.5 mm metallic Tc foils were irradiated. The 27 Al(p,x)
22 Na monitor reaction was used in the present work. Table 1 presents the irradiation parameters, sample dimensions, and the 27 Al(p,x) 22 Na reaction cross sections.
The techniques and results of measuring γ-ray spectra, processing γ-ray spectra, determining external proton beam energies, measuring geometry parameters of external proton beam shapes, determining neutron background, as well as the method for determination of radioactive nuclide yields are described in detail in Ref. 5 . Tables 2 and 3 present the products measured in 99 Tc and nat U.
III. COMPUTER SIMULATION OF MEASURED PRODUCTS
The products of the studied reactions were simulated in the present work by eight different codes, namely:
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A detailed description of the models used by the CEM95, CASCADE, INUCL, HETC, LAHET, AL-ICE, and YIELDX codes may be found in our previous work 5 , in Refs. 6−12 and references therein. The comparisons of measured data with the calculations are made using two parameters. The first parameter is numbers of "coincidences". A coincidence is defined to be a comparison event with the ratio of simulated to experimental yields not exceeding a factor of 2 (N C2.0 : 0.5 < σ cal,i /σ exp,i < 2.0), and a factor of 1.3 (N C1.3 : 0.769 < σ cal,i /σ exp,i < 1.3). We present here the ratios of coincidence numbers (N C1.3 , N C2.0 ) to the number of all comparisons (N S ). The number of the coincidences within a factor of 1.3 (N C1.3 ) is considered here to be the number of simulations within an ultimate accuracy of 30% needed in applications 2 . Another parameter for comparison of simulated and experimental data was proposed by R. Michel 14 and used afterwards in our works. 5, 15 The parameter is a mean squared deviation factor
with its standard deviation S( H ) 
where designates averaging over all of the comparison events (i = 1...N S , where N S is the number of experimental and simulated events used for comparison).
The mean squared deviation factor H with its standard deviation S( H ) define the interval [ H /S( H ), H × S( H )] which covers about two thirds of all the simulation-to-experiment ratios. Table 4 presents information concerning the predictive power of each of the codes for high and low energies, namely, the total number of measured yields N E , the number of the latter that was chosen to be used in the comparison with simulated data N G , the total number of simulated products that can be compared with the data N S , the two numbers of "coincidences" between simulated and experimental values N C1.3 , N C2.0 , and the mean deviation H with its S( H ) of simulation results from experimental data.
IV. CONCLUSION
This study is the first step in our work on the fissible targets that are of interest for accelerator-driven facilities. In total, about 820 reaction data have been measured. Table 4 reflects the predictive power of the simulation codes used here.
It should be noted that the CEM95, HETC, and CASCADE codes do not calculate the process of fission itself, and do not provide fission fragments and a further possible evaporation of particles from them. When, during the Monte Carlo simulation of a compound stage of a reaction using evaporation and fission widths, these codes have to simulate a fission, they simply remember this event (that permits them to calculate fission cross section and fissility) and finish the calculation of this event without a real subsequent calculation of fission fragments and a further possible evaporation of particles from them. Therefore, the results from CEM95, HETC, and CASCADE shown in Tab. 4 reflect the contribution to the total yields of the nuclides only from deep spallation processes of successive emission of particles from the target, but do not contain fission products. To be able to describe nuclide production in the fission region, these codes have to be extended by incorporating a model of high energy fission.
At present, analyzing our theoretical results we come to the conclusion that the differences among some theoretical yields predicted by different codes can sometimes be very significant. This is a strong indication that all of the codes have to be further improved before they can become reliable predictive tools. Therefore, the relevant experiments have to be extended.
We continue our measurements and expect, for instance, to have in the following year new data for nat U thin target irradiated by 0.2 GeV protons, 99 Tc irradiated by 0.1 and 1.2 GeV protons, and 232 Th irradiated by 0.1, 0.2, 0.8, 1.2, and 1.6 GeV protons.
The Cascade-Exciton Model (CEM) of nuclear reactions is under development at present at LANL and a recent version of the code named CEM97 with a much better predictive power than of the code CEM95 has been already realized 16 .We began to develop a fission model appropriate for the CEM to describe mass, charge, energy and angular distributions of fission fragments with a possible further evaporation of particle from fragments (or even sequental fission) 17 and we plan to incorporate this model into a newer version of the CEM code, CEM99. The U-data of the present work and from future planed measurements will be used together with other available data to fix the parameters of CEM99.
